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Abstract: To develop a high performance biomedical dry electrode, the laser micromilling-recasting technology is 
used to fabricate the metal dry electrode with surface micostructure arrays. Based on the analysis of the micro 
morphology of the electrode surface, the wettability of the electrode surface is discussed, and then the influence of 
laser processing parameters such as scanning spacing, scanning speed and scan times on the adhesion perfor-
mance of Escherichia coli is further investigated. The results show that the contact angle of metal dry electrode with 
surface microstructure arrays fabricated with reasonable laser processing parameter can reach more than 150° and 
show the superhydrophobic characteristics. The adhesion performance of escherichia coli of electrode is changed 
greatly with different scanning spacing and scan times. When the 0.1 mm scanning spacing is selected, the least 
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amount of escherichia coli is found on the surface of electrode. With the increasing scan times, the adhesion amount 
of escherichia coli can be reduced. However, the scanned speed has little effect on the adhesion performance of 
escherichia coli for metal dry electrode. 
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1 引  言 
近年来，随着现代医学检测技术的飞速发展，针
对 心 电 图 (electrocardiogram, ECG) 、 肌 电 图












































图 1  金属干式电极结构示意图. (1) 电极正面. (2) 电极背面. (3) 屏蔽导线. (4) 导电
银胶. (5) 金属电极芯. (6) 泡沫背衬. 
Fig. 1  Schematic diagram of metal dry electrode. (1) Front side of electrode. (2) Reverse side of 

















































PED  ,             (1) 
其中： AP 为一定频率下激光的输出功率， scanV 为激光
的扫描速度， spot 为激光光斑的直径。加工紫铜的能
量密度临界值为 0.35 J/mm2，当激光输出为 25 W 以
上，扫描速度在 1500 mm/s 以下时，就可以实现电极
材料的加工[13,14]。因此，在加工参数实验中，激光的
输出功率全部选为 25 W，改变扫描速度等即可改变激
表 1  激光器的相关参数. 
Table 1  Parameters of laser. 
相关参数 参数范围 假定值 
激光波长/nm 1055~1070 1064 
激光输出功率/W 29~31 30 
脉冲周期/ns 90~120 100 
脉冲频率/kHz 20~200 20 
入射光束直径/mm 6~9 7 
聚焦直径/μm 24.3~37.3 31.5 
图 2  激光加工系统示意图. 
































接种到平板培养基中划线培养(37 ℃，24 h)，重复 23
次，取单菌落到液体 LB 培养基中，并放置于 37 ℃恒




计数琼脂，配制平板培养基。取 15 mL20 mL 平板培





37 ℃，培养 24 h 后将样品取出，放置在无水酒精中，
超声清洗 5 min。最后将清洗后的电极放置在烘干箱










图 3  接触角测量系统. 
Fig. 3  Contact angle measurement system. 
图 4  电极上接种大肠杆菌. 
Fig. 4  Inoculate escherichia coli into electrode core.
图 5  电极表面微结构. (a) 俯视图. (b) 单个微结构侧视图. (c) 单个微结构俯视图. 
Fig. 5  Microstructures on electrode core. (a) Top view. (b) Side view of single microstructure. (c) Top view of single microstructure. 
(a) (b) (c)
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描路径的间距分别设置为 0.1 mm、0.2 mm 和 0.3 mm，




距达到 0.1 mm 时，微结构的形状接近于圆锥形，如
图 7(a)所示。当扫描间距较大时，由于激光加工生成
的重铸材料不足以覆盖未扫描区域，因此形成了类似
于火山口形状的结构，如图 7(b)和 7(c)所示。 
图 6  激光加工参数对电极与水接触角的影响. 

















图 7  不同激光扫描间距加工出的电极表面的 LSM 图像. (a) 0.1 mm. (b) 0.2 mm. (c) 0.3 mm. 
Fig. 7  LSM images of electrode fabricated by different scanning spacing. (a) 0.1 mm. (b) 0.2 mm. (c) 0.3 mm. 
(a) (b) (c)




















在本实验中，选择的扫描次数分别为 5 次、10 次和 15










图 8  不同扫描间距下加工出的电极表面大肠杆菌粘附情况的光学图片. (a) 平板. (b) 0.1 mm. (c) 0.2 mm. (d) 0.3 mm.
Fig. 8  Optical images of adhesion of Escherichia coli on surface of electrode fabricated by different scanning spacings. (a) Without micro-
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图 9  不同扫描次数下加工出的电极表面大肠杆菌粘附的光学图片. (a) 5 次. (b) 10 次. (c) 15 次. 
Fig. 9  Optical images of adhesion of Escherichia coli on surface of electrode fabricated by different scanning times. (a)
5 times. (b) 10 times. (c) 15 times. 
0.5 mm 0.5 mm 
(a) (b) (c)
0.5 mm 
图 10  不同扫描速度下加工出的电极表面大肠杆菌粘附的光学图片. (a) 500 mm/s. (b) 1000 mm/s. (c) 1500 mm/s.
Fig. 10  Optical images of adhesion of Escherichia coli on surface of electrode fabricated by different scanning speeds. (a) 500 mm/s. 
(b) 1000 mm/s. (c) 1500 mm/s. 
0.5 mm 0.5 mm 0.5 mm 
(a) (b) (c)






采用 500 mm/s、1000 mm/s 和 1500 mm/s 三种扫描速
度加工得到的电极均没有大肠杆菌残留物粘附。因此，
采用 500 mm/s~1500 mm/s 的不同扫描速度加工得到
的电极，由于电极表面微结构的形状差异不大，从而
对大肠杆菌的粘附性基本无影响。 














性能和经济性要求，在选择 25 W 加工功率条件下，
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Microstructures on electrode core. (a) Top view. (b) Side view of single microstructure. (c) Surface topography.  
 
Abstract: Biomedical electrodes can convert ion potential of the human body into external electron potential, which are 
widely used in medical detection and clinical applications such as electrocardiogram (ECG), electromyogram (EMG), 
electroencephalogram (EEG) and bioelectrical impedance (EIT), etc. Conventional Ag/AgCl wet electrodes usually 
have conductive gel on its surface and stable signal baseline. However, the conductive gel is easy to gradually dry up 
and cause allergic phenomenon. Thus, the Ag/AgCl wet electrodes are not suitable for long-time measurement and 
monitoring of bioelectric signals. Microneedles electrodes can overcome the shortcomings of the Ag/AgCl wet elec-
trode, which can contact the tissue with lower impedance, to improve the quality of bioelectrical signal detection. In this 
study, the laser milling-recasting technology was proposed to fabricate metal dry electrodes with surface microstructure 
arrays. Based on the analysis of the microcosmic appearance of the electrode surface, the wettability of the electrode 
surface were firstly discussed, and then the influence of scanning spacing, scanning speed and scanning times of laser 
processing parameters on the adhesion of Escherichia coli were further investigated. The results show that the contact 
angle of metal dry electrode with surface microstructure arrays fabricated with reasonable laser processing parameter 
could reach more than 150° and showed the superhydrophobic characteristics. With the scanning spacing of 0.1 mm, the 
smallest averager radius of microstructure on the surface of the metal dry electrode was obtained to limit the biofilm 
growth, which showed the best performance against the adhesion of Escherichia coli. However, the metal dry electrode 
adhered more Escherichia coli when the larger scanning spacing was selected. When small scanning times was selected, 
the metal dry electrodes had much lower height of the surface microstructure, and the larger adhesion amount of esche-
richia coli was obtained due to its poorer hydrophobicity. With the increasing scanning times, the adhesion amount of 
escherichia coli of metal dry electrode can be reduced. The scanned speed has little influence on the hydrophobicity and 
the adhesion ability of Escherichia coli because the shape of the microstructure was not changed greatly with different 
scanning speeds. Taking into account the performance and economic requirements of the metal dry electrode, the opti-
mized processing parameters including 0.1 mm scanning spacing, 1000 mm/s scanning speed, 15 scanning times and 25 
W laser output power were recommend. The metal dry electrode with surface microstructure arrays shows hydrophobi-
city characteristics against the adhesion of Escherichia coli compared with others bioelectrodes, which have an im-
portant application prospects for long-time detection of bioelectricity measurement. 
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